ABSTRACT In this paper, we report on the fabrication and high performance of power p-n diodes grown on free-standing (FS) GaN substrate. The key technique to enhance the high breakdown voltage and suppress the surface leakage current is the isolation process. The mesa-structure diode is generally formed by utilizing the inductively coupled plasma reactive ion etching; however, it always induces high surface damages and thus causes a high leakage current. In this paper, we propose a planar structure by employing the oxygen ion implantation to frame the isolation region. By following the crucial process, the fabricated mesa-and planar-type diodes exhibit the turn-on voltages of 3.5 and 3.7 V, specific on-resistance (R ON A) of 0.42 and 0.46 m -cm 2 , and breakdown voltage (V B ) of 2640 and 2880 V, respectively. The corresponding Baliga's figures of merit (BFOM, i.e., V 2 B /R ON A) are 16.6 and 18 GW/cm 2 , respectively. The BFOM of 18 GW/cm 2 is the highest reported value for FS-GaN diode. From the temperature dependent measurements, the planar-type diode also shows the better leakage current and thermal stability than the mesa-type diode.
I. INTRODUCTION
Most commonly used in power generation, industrial drives or distribution system is medium voltage converters (MVC) [1] - [3] . It is limited by switching loss and low conversion efficiency for silicon device properties. Nevertheless, gallium nitride (GaN) devices provided another solution to the problem. GaN-based device is one of the most promising candidates for high-voltage, high-frequency, and high-temperature operation because of its superior material properties such as wide band-gap energy, high breakdown field, and high electron saturation velocity [4] , [5] . However, the devices are generally fabricated by heteroepitaxial growth on foreign substrates such as silicon and sapphire, which are lateral structures [6] , [7] . The major challenge is their high density of threading dislocations (10 8 -10 10 cm −2 ), originating from the large differences in the lattice constants and thermal expansion coefficients in the strained heteroepitaxial growth on the foreign substrate [8] . It would cause the crucial leakage of current. For high-power device applications, to improve the quality of GaN epitaxial layers can raise the breakdown voltage (V B ) and reduce the specific on-resistance (R ON A) by reducing the crystal defects. Thus, the homoepitaxial structure on a free-standing (FS) GaN substrate is advantageous in achieving a higher V B and lower R ON A [9] , [10] . FS-GaN can offer a threading dislocation density less than 10 6 cm −2 , which shows the promise for the fabrication of high quality vertical GaN p-n diodes [11] - [14] , and provides the ultra-low leakage current, low R ON A, and avalanche capability. Conventional GaN diodes, in spite of those grown on sapphire, silicon, SiC, and GaN bulk substrates, were fabricated by inductively coupled plasma reactive ion etching (ICP-RIE) to form the mesa structure for the isolation. Although the dielectric materials, such as Al 2 O 3 or SiO 2 , are usually deposited to protect the etched sidewall damages, the effects of surface damages on mesa still exist. These damages of mesa would cause the current leakage and degrade the diode performance. Up to date, the best reports of the quasi-vertical GaN diodes grown on silicon and sapphire substrates have demonstrated the Baliga's figures of merit (BFOM) of 2.0 and 0.908 GW/cm 2 , respectively [6] , [7] . On the other hand, the vertical FS-GaN diodes have shown a record BFOM of 16.5 GW/cm 2 [11] . In this article, we exploit the ion implantation process to frame a high-resistivity amorphous region by replacing the dry etched mesa [15] . This implantation process will lead to fabricate the planar-type diode structure. Then, we further compare the characteristics of mesa-and planar-type FS-GaN diodes. The fabricated planar FS-GaN diodes will present the highest reported BFOM of 18 GW/cm 2 with an R ON A of 0.46 m -cm 2 and V B of 2880 V.
II. DEVICE STURCTURES AND FABRICATION
The GaN homojunction epitaxial layers were grown on a 400 µm n-type GaN substrate by metal-organic chemical vapor deposition (MOCVD). The epitaxial layers consisted of (i) a 2.0 µm n + -type GaN layer, (ii) a 15 µm n − -type GaN layer (n ∼ 1 × 10 16 cm −3 ), (iii) a 5 µm undoped GaN layer (n < 1 × 10 16 cm −3 ), (iv) a 0.5 µm p + -GaN (N A ∼ 1 × 10 18 cm −3 ), and (v) a 0.03 µm p ++ -GaN (N A ∼ 5 × 10 18 cm −3 ) as contact layer. The isolation of the active regions was defined by two methods of processing: One was by ICP-RIE and the other was by ion implantation. The dry etching rate is 3 nm/s. The implantation was performed by using oxygen ions with the dose concentrations of 5 × 10 13 , 1 × 10 14 , and 5 × 10 14 cm −2 at the implanted energies of 50, 100, and 200 keV, respectively. The depth of isolation region was 0.5 µm measured by film thickness profile measurement (α-step) and TRIM software for simulation. After the isolation process, the anode metals Ni/Au (20/120 nm) were deposited onto p + -GaN top layer and annealed at 550 • C for 10 min in O 2 ambient to form ohmic contact. Then, a 200 nm SiO 2 film was deposited by plasma-enhanced chemical vapor deposition (PECVD) as passivation layer to smooth out the sidewall damages. Finally, Ti/Au (30/120 nm) were deposited as cathode on the substrate backside without annealing. Fig. 1 shows the cross sections of FS-GaN Diodes A and B. Diode A has a mesa structure by utilizing the ICP-RIE to form the isolation region, while Diode B has a planar structure by using ion implantation to form the isolation region. The fabricated diodes have a size of 500 x 500 µm 2 with an active-region diameter of 100 µm. The electric characteristics of forward current-voltage (I-V) and high reverse voltage (>100 V) were measured by Keysight B1505A source meter. The measured temperature range was from 300K to 425K. All measurements were performed on the Cascade Microtech Tesla probe station. Fig. 2 shows the contact resistance between p-electrode and p-GaN as a function of contact spacing for the diodes measured by transmission line method (TLM). The calculated transfer length (L T ) and the specific contact resistance (ρ c ) are 1.08 µm and 1.06 × 10 −4 -cm 2 , respectively. All these values are good enough to ensure that the contact resistance of metal to semiconductor is negligible and all the applied voltages can effectively drop across the GaN p-i-n diode. Fig. 3 shows the typical junction capacitance (C J ) as a function of reverse bias for the p-i-n diodes. When a negative bias is applied, most of the voltage drops across the drift region. The capacitance decreases with reverse bias due to the increase of depletion thickness. The double drift region, including the u-GaN and n − -GaN, can be completely depleted at the reverse voltage of −150 V. The concentration of drift region is calculated as about 3.7 × 10 15 and 1.3 × 10 16 cm −3 , respectively. It is in agreement with the designed structure. Fig. 4 shows the current density as a function of forward bias for FS-GaN p-n Diodes A and B. The forward voltage (V F ) is defined as the voltage at the current density of 100 A/cm 2 . Thus, the forward voltages are 3.5 and 3.7 V for Diodes A and B, respectively. The inset shows the specific on-resistance versus forward bias for Diodes A and B. The corresponding R ON A of Diodes A and B at the current density 3500A/cm 2 are 0.42 and 0.46 m -cm 2 , respectively. The ultra-low R ON A is attributed to the excellent epitaxial layer quality and decent ohmic contact process. Diodes A and B exhibit the extremely close of V F and R ON A because the performance at forward bias is dominated by the intrinsic layer of GaN diode and the ohmic contact resistance. Fig. 5 shows the relationship between specific onresistance and current density under forward bias for Diodes A and B. In this study, the current density is deliberately increased for the observation of the declination of specific on-resistance. At the low current density of ∼1000 A/cm 2 , the R ON A decreases to 1 m -cm 2 ; while the current density exceeds 3,500 A/cm 2 , the R ON A falls off by an order of magnitude. When the current density is over 5000 A/cm 2 , Diode A has lower R ON A due to its higher junction temperature (as illustrated later) as compared to Diode B. Both the diodes can withstand the forward current density of over 7000 A/cm 2 . Fig. 6 shows the reverse-bias characteristics of FS-GaN Diodes A and B. The different isolation processes have obvious diversity. The mesa-type diode has actually etching damages; however, the planar-type diode has little lattice damage only. The breakdown voltages, which is defined as the voltage at the current density of 0.1 A/cm 2 , are 2640 and 2880 V, respectively, for Diodes A and B. It reveals that the planar-type diode has much lower reverse leakage current. The excellent reverse bias characteristic is mainly attributed to the improvement of isolation process and SiO 2 passivation layer. BFOM of 18 GW/cm 2 , which is higher than the previous report of 16.5 GW/cm 2 [11] . Fig. 7 shows the electric field simulation for both Diodes A and B under the reverse bias of -3000 V. In addition to the higher electric field located below the p-electrode, the Diode B shows relatively uniform electric field than Diode A which presents the electric crowding near the etching mesa corner. Under the low reverse bias (< −100 V), there is no significant difference; however, if the reverse bias is further increased (> −600 V), the edge with high electrical field is easy to generate leakage current and cause the diode breakdown. Fig. 8 shows the specific on-resistance as a function of breakdown voltage for comparison of the BFOM of FSGaN p-n diodes in the previous works [4] , [5] , [11] - [14] . The result of Diode B with planar structure is also marked on this BFOM plot.
III. RESULTS AND DISCUSSION
Beside the mentioned high current operation, the thermal stability measurement is another issue of these devices. Fig. 9 shows the junction temperature as a function of forward current by pulsed operation for Diodes A and B. The used pulse width was 100 µs and duty cycle was 0.5%. Inspection of Fig. 9 reveals the junction temperature of Diode A is slightly higher than that of Diode B at low forward currents, while the difference of junction temperature for both the diodes becomes larger at high forward currents [16] . The higher junction temperature of Diode A leads to the lower R ON A, as shown in inset of Fig. 2 . The inset of Fig. 9 shows the forward voltage as a function of measured temperature at different forward currents. At the injection current of 150 mA, the juction temperature for Diodes A and B is 360K and 350K, respectively. It means the heat dissipation of the GaN substrate can be expected. Fig. 10 shows the leakage current as a function of reverse voltage for Diodes A and B measured in the temperature range of 300K-425K. The leakage current increases with temperature. Besides, the leakage current increases rapidly with reverse voltage for Diode A, while it increases slowly for Diode B. The activation energies are calculated as 0.46 and 0.31 eV for Diodes A and B, respectively [17] . The higher leakage current induces the greater activation energy. For the Diode B, the lower reverse leakage current echoes the higher breakdown voltage, as shown in Fig. 4 . Hence, it is confirmed that the planar-type diode has much more suitable to the applications of high current operation and low reverse leakage current than the mesa-type diode. VOLUME 7, 2019 183
Figs. 11(a) and 11(b) show the images of emission microscopy (EMMI), which is one of the common methods of fault analyses. By illumination, the PN diodes under reverse bias have electron-hole pair recombination. The photons generated at this time will be detected by highsensitivity CCD, and it can position the area of leakage current. As shown in Fig. 11(a) , Diode A has 6 low-light bright spots at the reverse bias of -1000 V; while Diode B has only 2 low-light bright spots in Fig. 11(b) . These areas mean the positions of leakage current paths. The leakage path of the diode is consistent with above discussion of leakage current and breakdown voltage.
IV. CONCLUSION
We have successfully fabricated the FS-GaN diodes with different isolation processes. One utilizes the ICP-RIE to form the mesa structure in Diode A, the other employs ion implantation to form the planar structure in Diode B. Both the diodes have a low specific on-resistance of ∼0.4 m -cm 2 and withstand a forward current density of over 7000 A/cm 2 . However, the planar-type diode exhibits a much lower leakage current of ∼10 pA at 300K and a high breakdown voltage of over 2880 V, achieving the highest BFOM of 18 GW/cm 2 so far. The junction temperature and activation energy can be further investigated by temperature-dependent I-V measurements. Besides, the leakage current path is confirmed by the EMMI analyses. All evidences reveal that the planar-type diode has better electric characteristics and thermal stability than the mesa-type diode.
